Background-The upregulation of G protein-coupled receptor kinase 2 in failing myocardium appears to contribute to dysfunctional ␤-adrenergic receptor (␤AR) signaling and cardiac function. The peptide ␤ARKct, which can inhibit the activation of G protein-coupled receptor kinase 2 and improve ␤AR signaling, has been shown in transgenic models and short-term gene transfer experiments to rescue heart failure (HF). This study was designed to evaluate long-term ␤ARKct expression in HF with the use of stable myocardial gene delivery with adeno-associated virus serotype 6 (AAV6). Methods and Results-In HF rats, we delivered ␤ARKct or green fluorescent protein as a control via AAV6-mediated direct intramyocardial injection. We also treated groups with concurrent administration of the ␤-blocker metoprolol. We found robust and long-term transgene expression in the left ventricle at least 12 weeks after delivery. ␤ARKct significantly improved cardiac contractility and reversed left ventricular remodeling, which was accompanied by a normalization of the neurohormonal (catecholamines and aldosterone) status of the chronic HF animals, including normalization of cardiac ␤AR signaling. Addition of metoprolol neither enhanced nor decreased ␤ARKct-mediated beneficial effects, although metoprolol alone, despite not improving contractility, prevented further deterioration of the left ventricle. Conclusions-Long-term cardiac AAV6-␤ARKct gene therapy in HF results in sustained improvement of global cardiac function and reversal of remodeling at least in part as a result of a normalization of the neurohormonal signaling axis. In addition, ␤ARKct alone improves outcomes more than a ␤-blocker alone, whereas both treatments are compatible. These findings show that ␤ARKct gene therapy can be of long-term therapeutic value in HF. (Circulation. 2009;119:89-98.) The online-only Data Supplement is available with this article at http://circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.108.803999/DC1.
D espite significant improvement in diagnosis and treatment of the post-myocardial infarction (MI) population, these patients ultimately develop heart failure (HF), which still carries high morbidity and mortality that render it the top-ranking cardiovascular cause of mortality in the Western world. 1 Current HF management includes the goal of correcting molecular abnormalities that contribute to the pathophysiology of the disease 2 ; to more specifically target these, viral-mediated gene transfer has become an attractive approach. 3 Several potential gene therapy targets for HF have emerged over the last decade, primarily from transgenic mouse models and short-term proof-of-concept gene transfer experiments. 3 
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Our group has extensively studied inhibition of G proteincoupled receptor kinase 2 (GRK2) activity as a molecular target for combating left ventricular (LV) dysfunction. 4 GRK2 (also known as ␤ARK1) is robustly expressed in myocardium, and it functions to phosphorylate activated G protein-coupled receptors, leading to their desensitization or signaling deactivation. 5 A primary target for GRK2 in the heart is the ␤-adrenergic receptor (␤AR), which is a critical receptor system in the heart controlling cardiac chronotropy, inotropy, and lusitropy. 4, 6 The ␤AR system in the failing heart has long been known to be dysfunctional as ␤ 1 ARs and ␤ 2 ARs are uncoupled and ␤ 1 ARs are downregulated, leading to the loss of inotropic reserve. 7, 8 This promotes hyperactivity of the sympathetic nervous system in attempting to drive the failing pump; however, a vicious cycle is created because ␤ARs do not respond properly. This is a basis for the use of ␤AR antagonists in HF because they can block the noxious effects of catecholamines on myocytes. 9 Importantly, GRK2 levels are increased in failing myocardium, 8, 10 and studies have shown that not only does enhanced GRK2 activity lead to the aforementioned ␤AR changes in HF, but it also appears to contribute to HF progression. 4 Moreover, levels of GRK2 can have a profound effect on the contractile function of the heart. 11 Previously, we have shown that a peptide, ␤ARKct, can inhibit the membrane translocation and activation of GRK2 against myocardial ␤ARs. 12 The ␤ARKct has prevented or rescued several models of HF, with a contributing mechanism being improved ␤AR signaling. [13] [14] [15] [16] [17] This may appear paradoxical to the use of ␤-blockers in HF; however, long-term ␤AR antagonism also can promote receptor upregulation and GRK2 downregulation, 18 which can also improve ␤AR signaling. 19 Thus, these therapeutic approaches may be more similar than they appear on the surface, and data suggest that GRK2 inhibition and ␤AR antagonism could be synergistic. 14 Of note, all of the aforementioned studies showing beneficial effects of ␤ARKct on the heart have utilized transgenic animals or adenoviral-mediated gene transfer. 20 From a clinical point of view, however, it is clear that for chronic diseases such as HF, long-term and stable myocardial gene expression is needed, and the candidate vehicle that has emerged to accomplish this is recombinant adeno-associated viral (rAAV) vectors. rAAV vectors enable efficient and sustained expression without significant toxicity, properties that make them suitable for human use. 3, 21 In this study, we utilized a rAAV serotype 6 (rAAV6) vector to deliver ␤ARKct in hearts of post-MI HF rats. This approach allowed us, for the first time, to directly investigate the therapeutic effects of long-term (up to 12 weeks) expression of ␤ARKct in the failing heart. Our data demonstrate a sustained rescue of preexisting HF with ␤ARKct delivery that, interestingly, appears to offer benefits beyond long-term ␤-blockade.
Methods

Experimental Procedures
Experimental procedures were performed essentially as described previously. 14, 22 An expanded Methods section appears in the onlineonly Data Supplement.
Statistical Analysis
Data are summarized as meanϮSEM. Comparisons were made with the use of t tests or ANOVA as appropriate. A Bonferroni correction was applied to the probability values whenever multiple comparisons arose. Values of PϽ0.05 were considered significant.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
Study Design and Transgene Expression
At 12 weeks after cryoinfarction, a time point with established HF, 22 rats were randomized to 5 different groups: 1 group receiving cardiac gene transfer of rAAV6-␤ARKct, 1 rAAV6 -green fluorescent protein (GFP), and 1 vehicle (saline). In addition, 2 more HF groups received the ␤ 1 ARselective blocker metoprolol in conjunction with gene transfer of rAAV6-␤ARKct or rAAV6-GFP. One day before treatment was started, all groups were analyzed by echocar-diography to confirm the presence of similar levels of LV dysfunction and HF before gene delivery. All groups were then studied over the course of 3 more months (6 months after MI) ( Figure 1A ), and all assays in the 5 HF groups were compared with a control sham-operated group that received neither MI nor gene transfer (6 experimental groups in total). At 12 weeks after gene delivery, both transgenes (␤ARKct and GFP) were robustly expressed specifically in the LV tissue of the respective groups, as assessed by Western blotting of cardiac protein extracts ( Figure 1B and 1C ). This expression was restricted to the LV because no expression was detected in the right ventricle, and limited expression (liver only) was found in extracardiac tissue ( Figure 1B and 1C). GFP fluorescence in cardiac sections from rAAV6-GFP-treated rats at 12 weeks after gene delivery confirmed that a large area of the LV free wall was transduced, although the expression was not homogeneous ( Figure 1D ). ␤ARKct immunofluorescence in cardiac sections from AAV6-␤ARKct-treated HF rats showed comparable areas of the LV transduced ( Figure I in the online-only Data Supplement).
In Vivo Cardiac Function in All Groups at 12 Weeks After Gene Delivery
Echocardiography 12 weeks after MI revealed that LV ejection fraction (EF) and internal diameter at diastole were equivalent among all HF groups before the initiation of treatment (Figure 2A and 2D). EF was significantly decreased and LV diastolic diameter was significantly increased in all groups compared with sham, confirming a similar degree of HF (Figure 2A and 2D). These pre-gene delivery functional data are consistent with the poststudy analysis of LV infarct size after cryoinjury because we found similar infarct sizes ( Figure II in the online-only Data Supplement).
Twelve weeks after gene delivery, all groups still had significantly impaired cardiac function compared with sham rats; however, EF was significantly increased in rats receiving ␤ARKct, indicating improvement of cardiac function ( Figure  2B and 2C). Of note, this improvement was observed regardless of concomitant metoprolol treatment ( Figure 2B and 2C). Conversely, treatment with GFP or saline alone led to further deterioration of cardiac function after 12 weeks, which was prevented but not reversed by concurrent metoprolol treatment ( Figure 2B and 2C). Adverse LV remodeling as measured by ventricular dilatation also progressed further in saline-and GFP-treated rats, and this was prevented by ␤ARKct expression ( Figure 2E ). Representative M-mode echocardiography views demonstrating these results on cardiac function are shown in Figure 2G . In contrast to cardiac function, LV dilatation improvement was equal in ␤ARKct and metoprolol groups, and the 2 treatment modalities together also provided a similar beneficial effect ( Figure 2E ). Importantly, ␤ARKct expression in the LV did not have any effect on heart rate, in contrast to metoprolol treatment, which significantly decreased heart rate as expected ( Figure 2F ).
LV catheterization and hemodynamic analysis in rats 12 weeks after gene delivery showed significant decreases in measurements of LV contractility and relaxation in saline and GFP groups compared with the sham group, indicating HF (Table and Figure 3 ). Moreover, LV systolic pressure was significantly reduced in the saline and GFP groups, whereas LV end-diastolic pressure was significantly increased compared with sham (Table) . Representative in vivo LV dP/dt tracings from all groups are shown in Figure 3A . Cardiac ␤ARKct expression significantly improved LV contractility and relaxation 12 weeks after treatment (Table and Figure 3B and 3C). Metoprolol treatment (HF/GFP-metoprolol) significantly reduced LV diastolic pressure, as did ␤ARKct alone and ␤ARKct plus metoprolol; however, LV contractility and relaxation indices were similar between GFP-metoprolol and the saline or GFP groups (Table and Figure 3B and 3C). ␤ARKct gene delivery improved all measures of cardiac function, including increased LV systolic pressure and decreased LV end-diastolic pressure (Table) . ␤ARKct gene therapy actually led to restoration of normal contractile function of failing hearts because basal LVϩdP/dt max (but not LVϪdP/dt min ) of either group that received rAAV6-␤ARKct was indistinguishable from that of the sham group (Table and Figure 3B and 3C). Importantly, on infusion of a maximal dose of isoproterenol, LV ␤ARKct expression resulted in marked improvement of all parameters of cardiac performance (Table and Figure 3B and 3C). ␤ARKct plus metoprolol also showed similar improvements with the exception of LV systolic pressure, which was not increased compared with saline or GFP groups (Table) .
Myocardial ␤-Adrenergic Status After In Vivo Gene Delivery
At the end of the 24-week study, hearts from all groups were excised to examine the effects of the various treatments on cardiac ␤AR signaling at the molecular level. We first measured steady state levels of cAMP in myocardium to determine whether this ␤AR-mediated second messenger was altered in our different experimental groups. As shown in Figure 4A , myocardial cAMP levels in HF/saline and HF/ GFP hearts were significantly reduced compared with sham hearts, consistent with impaired ␤AR signaling in HF. Cardiac ␤ARKct expression with or without metoprolol as well as metoprolol alone led to restored steady state cardiac cAMP levels in the HF rats because cardiac cAMP concentrations found in these groups were indistinguishable from that of sham hearts ( Figure 4A ). This probably reflects increased adenylate cyclase activity because cAMP-specific phosphodiesterase activity was equal among all HF experimental groups ( Figure III in the online-only Date Supplement). Levels of cAMP with ␤ARKct expression were not elevated or enhanced over sham (nonfailing) levels ( Figure 4A ).
We measured total ␤AR density on plasma membranes isolated from all groups of rat hearts and, as expected, found cardiac ␤ARs to be significantly reduced in HF/saline-and HF/GFP-treated rats compared with sham ( Figure 4B ). However, the groups that received treatment (␤ARKct and/or metoprolol) had significantly increased cardiac ␤AR density, which was equivalent to normal levels ( Figure 4B ).
Finally, we measured myocardial GRK2 levels and found that GRK2 was significantly increased in the HF groups that received only saline of rAAV6-GFP ( Figure 4C ). ␤ARKct alone or in combination with metoprolol as well as metoprolol alone significantly lowered cardiac GRK2 expression after 12 weeks in these failing rat hearts to levels close to sham values ( Figure 4C ). Taken together, these results suggest that long-term cardiac ␤ARKct expression with or without concomitant ␤-blocker treatment significantly ameliorates ␤AR signaling of the failing heart.
Cardiac Remodeling and Functional Biomarkers After In Vivo Gene Delivery
To analyze morphological and molecular aspects of adverse LV remodeling, we determined the ratios of heart weight to body weight (HW/BW ratios) in the various groups of rats at the end of the 24-week study and also assessed mRNA expression of specific genes known to play a role in HF pathogenesis. The HW/BW ratio was significantly increased in control HF groups compared with sham rats, consistent with a HF phenotype, whereas cardiac mass was significantly decreased in all 3 HF treatment groups (Table) . For molecular LV remodeling and hypertrophy at 12 weeks after gene delivery, we measured the mRNA levels of collagen 1, transforming growth factor-␤1, and atrial natriuretic factor in the LV of all groups via real-time polymerase chain reaction. Consistent with the echocardiographic data that demonstrated LV remodeling (Figure 2 ), collagen 1, transforming growth factor-␤1, and atrial natriuretic factor mRNA levels were markedly increased in HF/saline and HF/GFP groups com- pared with sham rats at 24 weeks after MI, and levels of these detrimental cardiac markers were significantly reduced with long-term ␤ARKct expression and/or metoprolol treatment ( Figure 5A, 5B, 5C ). These results demonstrate that longterm ␤ARKct expression and/or metoprolol treatment is able to attenuate the HF-related remodeling. Finally, mRNA levels of brain natriuretic peptide (BNP), a fetal gene marker of cardiac hypertrophy, HF, and volume overload, were measured. Levels of BNP were significantly elevated in HF/saline and HF/GFP groups, whereas long-term ␤ARKct expression with or without metoprolol significantly lowered cardiac BNP expression; however, metoprolol alone did not decrease BNP in HF ( Figure 5D ). These results are consistent with our aforementioned hemodynamic analysis data (Figure 3 and Table) .
Neurohormonal Status of HF After In Vivo Gene Therapy
Chronic HF is associated with elevated circulating levels of various neurohormones, most prominently catecholamines (norepinephrine and epinephrine) as well as aldosterone, which are all known to adversely affect HF progression and cardiac function. 23, 24 Moreover, in the case of catecholamines and the sympathetic nervous system, the poor contractile performance of the failing heart and desensitization of the cardiac ␤AR system can continually feed into this vicious cycle of stimulation. Thus, our hypothesis, which has not been previously examined directly, was that as a result of the improvement in contractile function, ␤AR signaling, and reverse LV remodeling after long-term myocardial ␤ARKct expression and GRK2 inhibition, there would be novel feedback on the aforementioned neurohormonal systems that would contribute to the beneficial outcomes seen in our ␤ARKctand metoprolol-treated HF rats. Accordingly, we measured circulating plasma catecholamine and aldosterone levels in all groups at 24 weeks after MI ( Figure 6 ). As expected, HF (saline-or GFP-treated) was associated with significantly elevated plasma levels of epinephrine, norepinephrine, and aldosterone compared with sham ( Figure 6 ). In contrast, long-term cardiac ␤ARKct expression with or without metoprolol treatment, as well as metoprolol treatment alone, led to a significant reduction of all 3 of these plasma neurohormones ( Figure 6 ), demonstrating for the first time how this may play a role in ␤ARKct-mediated rescue of HF.
Discussion
A number of previous studies have suggested that cardiac GRK2 inhibition, via in vivo ventricular ␤ARKct gene delivery, could be a potential novel treatment for chronic HF. 3, [15] [16] [17] However, these studies have utilized adenoviralmediated gene delivery, which only allows for short-term transgene expression. Thus, no clinically relevant conclusions about the long-term efficacy and adverse effects of ␤ARKct gene therapy could be drawn. The present study has now addressed these limitations and has examined the long-term nature of ␤ARKct-mediated HF rescue. This was made possible by taking advantage of rAAV6, which has high natural tropism for myocardium 25 and can support long-term and stable gene expression with minimal immunogenic and inflammatory host responses. 3, 21 Our present study demonstrates that ␤ARKct delivery via rAAV6 into already failing myocardium results in robust expression in the LV of HF rats for Ͼ3 months, and this leads to a long-term rescue of LV contractile dysfunction and remodeling. Mechanistically, Data are presented as meanϮSEM. Effect of ␤ARKct gene therapy on LV function evaluated at 12 weeks after gene delivery is shown. In vivo LV ϩdP/dt, ϪdP/dt, end-diastolic pressure (EDP), end-systolic pressure (ESP), and heart rate were assessed in sham (nϭ11), HF/saline (nϭ13), HF/GFP (nϭ12), HF/␤ARKct (nϭ12), HF/GFP-metoprolol (nϭ13), and HF/␤ARKct-metoprolol (nϭ12) rats under basal conditions and after maximal isoproterenol stimulation. Ratios of heart weight to body weight and lung weight to body weight (LW/BW) were also measured in all groups. ANOVA analysis and Bonferroni test were used between all groups. *PϽ0.05 vs each non-metoprolol-treated group; †PϽ0.05 vs sham; ‡PϽ0.05 vs HF/saline, HF/GFP, or HF/GFP-metoprolol groups; §PϽ0.05 vs HF/saline or HF/GFP. this appears to be mediated in part by a normalization of cardiac ␤AR signaling, including a lowering of GRK2 expression/activity, as well as silencing of detrimental genes associated with adverse LV remodeling. Moreover, we have uncovered a novel finding that long-term myocardial ␤ARKct expression can lead to neurohormonal feedback decreasing the hyperactivity of the sympathetic nervous system and renin-angiotensin-aldosterone signaling axis in HF.
To achieve ␤ARKct transgene expression in the LV, we chose direct intramyocardial injection of rAAV6 because this technique is feasible and is applicable in the clinical setting. 3, 21 Interestingly, we found that temporarily stopping the heart after injection of virus led to significantly improved efficiency of gene delivery ( Figure IV in the online-only Data Supplement). This modification has not been reported previously, and it led to robust transgene expression in the anterior, posterior, and lateral walls of the LV. The only limitation of this technique appears to be that only minor transgene expression was found in the septum (data not shown). However, as our functional and molecular data reveal, gene delivery of the ␤ARKct to the LV was sufficient to mediate significant improvement in cardiac function and reverse remodeling in our post-MI rat HF model. To make our study clinically relevant, we did not apply any treatment until 12 weeks after cryoinfarct in rats to determine whether ␤ARKct can therapeutically rescue existing HF. Indeed, before our therapeutic interventions, our animal population showed a significant decrease of LV contractile function and an increase in LV chamber dimensions. Importantly, LV dysfunction and remodeling were similar in all randomized treatment groups. To increase translational relevance, we also treated HF rats with the clinically used ␤AR blocker metoprolol alone (ϩAAV6-GFP) or in combination with ␤ARKct expression.
Our present results add significantly to previous studies using short-term adenoviral-mediated ␤ARKct expression in the failing heart [15] [16] [17] because long-term AAV-mediated ␤ARKct expression in the failing heart led to rescue of global heart function. At 3 months after gene transfer, we found significantly increased LV EF, dP/dt, and systolic blood pressure with long-term ␤ARKct expression, whereas LV end-diastolic diameter and pressure were decreased. The beneficial effects of ␤ARKct gene therapy were also evident on acute ␤AR challenge, in which case maximal inotropic reserve was almost completely restored. This degree of rescue was remarkable because control HF rats treated with intramyocardial injections of only saline or rAAV6-GFP demonstrated significant progression of HF as all parameters measured showed further deterioration over the 3-month treatment period. Interestingly, although metoprolol alone produced structural changes similar to those of ␤ARKct expression in the failing LVs, including a reduction in dilatation and hypertrophy, long-term ␤AR blockade did not improve cardiac contractile functional performance over the control untreated groups but only prevented further deterioration. Long-term ␤ARKct expression actually increased global heart function and significantly ameliorated all parameters of cardiac performance over the entire treatment period.
Of note, long-term ␤AR blockade in our model produced effects consistent with its well-documented role in post-MI HF therapy as it significantly attenuated HF-associated cardiac remodeling and hypertrophy, lowered end-diastolic pressure, and prevented further deterioration of cardiac function. 9, 26 Interestingly, we found that all of the beneficial effects of ␤ARKct expression in HF, including increased ␤AR inotropic reserve, were still present when metoprolol was administered concomitantly, which suggests that these 2 therapeutic mo-dalities are completely compatible and adds to the potential future clinical application of ␤ARKct gene therapy in HF.
The results found with ␤ARKct and metoprolol alone and together are interesting and add to the apparent paradox of understanding how blocking ␤AR activation versus blocking receptor desensitization can both lead to therapeutic effects in HF. The ␤ARKct has potential additive mechanisms of action because GRK2 phosphorylates other receptors in the heart besides ␤ARs, and thus improved signaling through other systems could be part of the mechanism of GRK2 inhibition. As a result of comprehensive molecular data we have uncovered demonstrating that both ␤ARKct expression and ␤AR blockade lead to similar effects in chronic HF, perhaps this apparent paradox should be revisited. Indeed, both modalities reversed the abnormalities found within the ␤AR system of failing myocardium, including normalized ␤AR number, decreased upregulation of GRK2, and significantly improved steady state whole LV cAMP accumulation compared with untreated HF controls. We believe that this demonstrates that these changes in ␤ARs in failing myocardium are indeed maladaptive and that normalization or "molecular remodeling" of this important inotropic system is critical for halting HF progression. Consistent with the aforementioned hypothesis, we have previously shown, using short-term ␤ARKct gene delivery to rabbits at the time of MI, that if ␤AR desensitization and downregulation are prevented from the onset of myocardial injury, HF can be prevented. 15 Moreover, this is also consistent with recent results in conditional, cardiac-specific GRK2 knockout mice in which ␤AR signaling abnormalities were prevented and LV function was improved after MI. 27 Therefore, results with the ␤ARKct in acute and chronic HF coupled with the almost identical changes seen in this study with long-term metoprolol treatment in HF are consistent with the hypothesis that uncoupled ␤ARs are maladaptive in the injured heart. The correction of ␤AR signaling could also be an indirect effect of improved cardiac function, although the ␤ARKct and metoprolol did not produce identical functional changes. Thus, long-term ␤AR blockade alone did not improve cardiac contractile function compared with ␤ARKct expression, and this could be because the normalized ␤AR signaling is still being blocked in real time; however, in the rats treated with ␤ARKct and metoprolol together, this improved contractile function was still present, as well as restored inotropic reserve.
Long-term ␤ARKct expression in the failing heart also had significant effects on cardiac post-MI adverse remodeling. Of note, the expression of various fibrosis-related genes and hypertrophic markers was markedly decreased by ␤ARKct expression, indicating significant reversal of LV remodeling and maladaptive hypertrophy. Several possible mechanistic explanations could be suggested for these findings. First, there might be an indirect effect resulting from enhanced contractile function of the heart reducing biomechanical overload, which results in reverse remodeling. Additionally, this finding might reflect decreased apoptosis and altered gene expression patterns that increase cardiomyocyte survival and proliferation. In fact, ␤ 2 AR signaling has been reported to be antiapoptotic in the myocardium, whereas ␤ 1 AR signaling increases myocardial apoptosis, 28 and we have recently shown that ␤ 2 AR signaling is enhanced after GRK2 lowering in the failing heart. 27 Therefore, ␤ARKct might alter the balance of the signaling cascade elicited by these 2 ␤AR subtypes in favor of less apoptosis and increased survival and proliferation. Moreover, we cannot exclude the possible effect of GRK2 inhibition on cardiac fibroblasts, endothelial cells, and/or smooth muscle cells, where we also found ␤ARKct to be expressed 12 weeks after gene delivery ( Figure  V in the online-only Data Supplement). This finding of transgene expression in cardiac cells other than myocytes warrants further mechanistic investigation. Nevertheless, it is evident that, regardless of the mechanism, long-term cardiac ␤ARKct overexpression beneficially affects cardiac post-MI remodeling. Metoprolol also led to reverse remodeling in our model, which adds to the aforementioned apparent paradox and also may indicate that increased ␤ 2 AR signals are part of the mechanism because of the use of selective ␤ 1 AR blockade.
Another interesting finding of the present study is that long-term ␤ARKct expression in the heart is also accompanied by significant amelioration of the HF-related neurohormonal status. Specifically, circulating levels of both catecholamines (norepinephrine and epinephrine) as well as aldosterone, hormones that are elevated during chronic HF progression and significantly enhance morbidity and mortality, 23, 24 were markedly lowered in the ␤ARKct-treated animals. This was also the case when metoprolol was given to the HF rats. This most certainly could also be part of the mechanism inducing the substantial reverse LV remodeling that was seen with ␤ARKct (and ␤AR blockade) treatment. Moreover, this could be part of a unique mechanism for the ␤ARKct and GRK2 inhibition for reversing HF in general. Of importance, this is the first study, to our knowledge, to examine the effects of cardiac ␤ARKct (or any other) gene therapy on the neurohormonal status of chronic HF and shows that GRK2 inhibition in the myocardium lowers circulating levels of these pro-HF neurohormones and probably represents a negative feedback phenomenon, in which improved cardiac output indirectly attenuates the level of cardiac neurohormonal drive. Thus, we believe this is a key new finding from this study, which could also directly lead to the improved signaling status of cardiac ␤ARs and contribute to improved contractile function.
In summary, the present study reports that rAAV6mediated ␤ARKct gene therapy reverses contractile dysfunction, attenuates LV remodeling, and restores the abnormalities of ␤AR signaling in a rat model of post-MI chronic HF. As a contributing mechanism, we found that myocardial GRK2 inhibition can lead to significantly lower catecholamine and aldosterone levels, and lower circulating amounts of these neurohormones probably account, in part, for the reversal of HF. Importantly, the beneficial effects of GRK2 inhibition are still evident at 3 months after in vivo gene delivery, providing evidence that this therapeutic approach is strongly effective long-term. The true clinical potential of rAAV6-␤ARKct gene therapy for a place in the HF therapeutic armamentarium awaits further validation in larger animal models and ultimately, of course, in patients.
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